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SUMMARY

A f£1ight and fixed-base simulator study was made of the effects of
aileron-induced yaw on pilot opinion of alrcraft lateral-directional
controllability characteristics. A wlde range of adverse and favorable
aileron-induced yaw was investigated in flight at several levels of
Dutch-roll damping.

The flight results indicated that the optimum values of alleron-
induced yaw differed only slightly from zero for Dutch-roll damping from
satisfactory to marginally controllable levels. It was also shown that
each range of values of aileron-induced yawilng moment considered satisfac-
tory, acceptable, or controllable increased with an increase in the Dutch-
roll damping. The increase was most marked for marginally controllable
configurations exhibiting favorable ailleron-induced yaw.

Comparison of fixed-base flight simulator results with flight results
showed agreement, indicating that absence of kinesthetic motion cues did
not markedly affect the pllots' evaluation of the type of control problem
considered in this study.

The results of the flight study were recast in terms of several
parameters which were considered to have an important effect on pilot
opinion of lateral-directional handling gqualities, including the effects
of control coupling.

Results of brief tests with a three-axis side-arm controller indicated
that for control coupling problems associated with highly favorable yaw
and cross-control techniques, use of the three-axis controller resulted
in = deterioration of control relative to results obtalned with the
conventional center stick and rudder pedals.



INTRODUCTION

Several current alrcraft and proposed supersonic and hypersonic
designs exhibit undesirable lateral-directioral control-coupling charac-
teristics. One problem of particular concerr is associated with the con-
version of angle of attack to sldeslip angle as the airplane is rolled
about a highly inclined longitudinal axls. Excessive ailleron-induced yaw
may have a number of adverse effects on the lateral-directional handling
qualities, including the large sideslip angles and the associated large
uncomfortable yawing accelerations developed in rolling maneuvers, unde-
sirably large increases or decreases in roll performance, precise control
of bank or sideslip angle may be difficult, end cross-controlling tech-
niques may be needed for coordinating maneuvers. Although previous flight
and silmulator studles bearing on these problems have been made (refs. 1
through 4), few systematic data are available upon which to base design
criteria or to establish the extent to which simulator studies of control-
coupling problems can be extrapolated to flight.

As part of a general program being conducted at the Ames Research
Center to investigate the basic vehicle flyirg or handling qualities of
advanced vehicle designs (see refs. 2, 5, ané 6), a flight and fixed-base
similator study was made of the effects on pilot opinion of a wide range
of favorable and adverse yawing moments due to aileron deflection.

This report has three main objectives:
1. To define the maximum acceptable levels of alleron-induced yawing

moments .

2. To assess the effect of lack of kinesthetic motion cues in
evaluating the problem.

3. To evaluate several lateral-directicnal handling qualities
parameters and compare them with flight experience.

NOTATION
b wing span, ft
Cy rolling-moment coefficient
Cn yawing-moment coefficient
g acceleration due to gravity, ft/sec2
h altitude, ft

Iy rolling moment of inertia, slug-ft2
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product of inertia, slug-ft@
yawling moment of inertia, slug-ft2

pilot gain, deg/deg
C7qSb

Ix

rolling acceleratlon due to externally applied torques,

variation of I with input or motion quantity, 1 = p, r, B, %a,
or Or
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per sec2
8y

rolling velocity, radians/sec

ratio of the amplitude of the oscillatory roll rate at first
overshoot to the steady-state roll rate, percent

dynamic pressure, lb/sq ft

yawing velocity, radians/sec

wing area, Pt2

Laplace transform variable

roll subsidence time constant, sec
time, sec

velocity, ft/sec

welght of airplane, 1b

dimensionless lateral acceleration due to externally applied forces,

lateral acceleration

vV
dY
— , Pper sec
B’
%%— s per sec
r

angle of attack, deg
angle of sldesllp, radians
total alleron deflection, radians (except as noted)

rudder deflection, radians
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€a damping ratio of the Dutch-roll oscillation

QCL cloged-loop Dutch-roll damping ratlo appearing in the bank-angle
response to alleron transfer function

o ratio of ailr density at test altitude to that at sea level
) bank angle, radians
P, command bank angle, deg
}$L| :Ei?iﬁ; , ratio of bank-angle amplitude to equivalent side velocity
de
amplitude, E-/—i?c-
Wy undamped natural frequency of the Dutch-roll oscillation, l/sec
Wep undamped natural frequency appearing in the numerator of the bank-

angle-resgponse-to-alleron transfer function, l/sec

(") derivative with respect to time

TEST APPARATUS AND EQUIPMENT

Varlable-Stability Airplane

The flight portion of the present study was conducted in a variable-
stabllity F-86E airplane. The alrplane has a servo-driven rudder and
allerons through which the apparent stability and control characteristics
may be varlied. This vehlcle 1s fully described in reference 7.

Flight Simlator

The simulator used in this study consisted of a fixed cockpit with
instruments and controls, a servo-driven horizon projector, a projection
screen, and an analog computer. The similator gave the pilot a visual
impression of flying above a layer of clouds. See figure 1. In this
figure the horizon 1s situated so as to indicate a diving right turn.

The cockplt layout is similar to that of the variable-stabllity airplane
and contains the conventional rudder pedals and center stick, and a

three-axis side-arm controller (fig. 2). Force and deflection character-
istics of the center stick and rudder pedals were approximately the same
as those of the test airplane. The only flight instrument present in the



similator cockpit was a sideslip-angle indicator similar to the one
mounted above the instrument panel in the variable-stability airplane.
No other instruments were required since the simulation represented the
alrcraft maneuvering about a lg flight path w#ith the airspeed held
constant.

A two-axis servo-driven (in roll and in pitch) horizon projector was
employed. The projector lamp and lense arrangement was such that the
lower portion of the projection screen was illuminated for level flight.
The projector was servo driven through an analog computer so that the
projected image appeared to be a brightly illuminated layer of clouds
several thousand feet below the simulator cocipit.

The projection screen was the inner surfice of a 20-foot-diameter
sphere, the base of which was truncated below the pllot's field of view.
The projector was located at the center of the sphere formed by the screen.

w =\

The analog computer was used to solve th= equations of motion and to
generate approprlate signals for the projector servos and the sideslip
indicator. The lateral set of equations used in the simulator study is
glven in appendix A.

TEST CONDITIONS

Three NASA research pilots participated in the study. In both flight
and simlator tests the pilots (referred to as A, B, or C) evaluated test
configurations and assigned to each a numericil rating according to the
pllot-opinion rating scale of reference 5 whi:h 1s reproduced in table I.
The basis for the numerical rating values of pilot opinion obtained in
this Investigation and presented in the figur:s of this report was the
degree of lateral-directional controllability of each test condition when
over-all operation of current fighter-type al-craft was considered.

The maneuvers executed by pllot A 1n rating each configuration
generally form the basls for results presentel in thls report and are as
follows:

(a) Abrupt h5° to 60° bank-angle turn eniries using rudder to minimize
1Y
sldeslip.

(b) Abrupt aileron reversals to effect r>lling oscillations of #20°,
i30°, and *45° bank-angle amplitudes using ruiders to minimize sideslip.

(¢) Rolling through i360O bank angle wit'1 rudder pedals fixed and
with rudder pedals controlling sideslip.

In the discussion that follows, the words "coordinated" and "uncoor-
dinated" refer to coordination of rudder with alleron to prevent sideslip-
ping and no rudder manipulation during rolling maneuvers, respectively.
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Flight Tests

A1l flight tests were performed at 170 knots indicated airspeed and
10,000 feet altitude. The variable stability equipment in the airplane was
adjusted to give the dynamic response characteristics shown in table IT.
Estimated stability derivatives and other pertinent information for the
test conditions are also given in table II. Pilots A and B participated
in the flight tests but only pilot A evaluated characteristics at all
damping conditions shown in table II, while pilot B performed evaluations
only at 0.10 damping ratio.

Simulator Tests

All three pilots participated in the simulator tests. The simulator
investigation was conducted only at a damping ratio of 0.10. The stability
and control derivatives shown in table IT were used in the analog computer
to provide simulator response characteristics approximately the same as
those for the flight tests. In table II, values of {3, W3, and lol/lvel
derived from the flight tests and from the estimated stability derivatives
are presented.

RESULTS AND DISCUSSION

Flight Results

Pilot ratings based on lateral-directional handling characteristics
obtained in the flight tests are presented in figure 3. In this figure,
it is shown that the handling characteristics deteriorate with reduction
of damping and with variation of the aileron coupling parameter Ngg'
from an optimum value. Fairings presented in the left-hand part of the
figure are based on the flight data points shown, on pilot comments of
optimum Ngg', and on data of reference 7. During the tests the period
of Dutch-roll oscillation varied with changes of damping between 3.4
seconds ({3 = 0.22) and 4.0 seconds (tg = -0.13).

Comparison of the pilot opinion data of pilot A (§d = 0,10) with that
of pilot B (see fig. 3) shows good agreement. The greatest difference,
one, in ratings of the two pilots occurs at the most positive value of
Nga'. Figure 3 shows a preference for increasingly positive Nsa' with
decreasing damping which may be attributed to the associated increase in
the closed-loop Dutch-roll damping ratio relative to the open-loop
Dutch-roll damping. It is shown in reference 8 and in appendix A, that
a negative product Nga'LB‘ (which holds for the test conditions when



Nga' is positive) 1s generally assoclated with an increase in
closed-loop damping (relative to the open-loop damping) and, conversely,
a positlve product 1s associated with a decrease in closed-loop damping.

In order to 1llustrate, in terms of the open-loop response
characteristics, the nature of the control problems encountered at
highly favorable and highly adverse Ng conditions, typical simulator
time historles, for the test conditions, of roll-rate response to
alleron step inputs are presented in figure 4. Shown are response
characteristics corresponding to a near optimum Ng ' (-0.70) and two
condltions near the unsatilsfactory-unacceptable boundary (1.92 and -2.31).
A fourth case not investigated in this study (see ref. 6) 1s also
presented in figure 4. The latter case is tlhe response of an uncoupled
alrcraft (Nga'= 0) with the same Tr and Ly, as in the present tests.

The excessively favorable N, ' (-2.31) is characterized by an
increased and osclllatory roll-rate response relative to the near optimum
N5, ' (-0.70) or to the single degree of freedom case. In addition, if the
pilot attempts to maintain small sideslip angles while maneuvering, he
mist cross-control which further aggravates the control problem.

The response for highly adverse Ngg* (1.92) is characterized by a
marked decrease In steady-state rolling velocity and an oscillatory
response resulting in rolling velocity reversals. The response charac-
teristics of two current high-performance aireraft, which have undesirable
lateral-directional coupling characteristics and which will be discussed
later, are similar to those for the excessively favorable and highly
adverse Ng,' cases illustrated in figure k.

The basic data of figure 3 (pilot A) are replotted in figure 5
showing constant pllot-opinion contours as a function of Naa' and
Dutch-roll damping ratio. Also presented in this figure are the flight
data points and ratings of pilot A. It can readily be seen in this
figure that a pilot will tolerate increasing levels of Ng , either
positive or negative, as the damping 1s increased. For marginally con-
trollable conditicns, this effect is more prcnounced for favorable than
for adverse Np,' values.

Similator Results

Center stick.- The data obtained in the simulator tests, conducted
only at the Dutch-roll damping ratio of 0.10, are presented in figure 6
in the form of pilot rating versus the ailercn-yaw parameter N5 In
this figure a difference in optimum Nga' between pllots can be seen.
Pilot A prefers a condition of slightly favorable NSa while pilots
B and C show a preference for a slightly adverse N, '

w £=\Ut e
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Side-arm controller.- Because of interest in the use of side-arm
controllers in current and proposed vehicles, a brief simulator study
of effects of aileron-induced yaw on pilot opinion was made using a
three-axis wrist-pivoted type. The simulated characteristics were
identical to those of the conventional center-stick tests previously
described.

Figure 7 presents a comparison of the data obtained in the side-arm
controller tests with the center-stick results (fig. 6). There is good
correlation between center-stick and side-arm controller results except
in the region where cross-controlling techniques are required for
coordinated maneuvering (Nﬁa' negative) . Where cross controlling was

required, the pilots criticized the side-arm controller because of
awkwardness of coordination of rudder and aileron.

Comparison of Flight and Simulator Results

In figure 8, the fairings and data points of the flight results
(fig. 3) of pilot rating versus Nga' are compared with the simulator
results. FExcellent agreement is shown between flight and simulator
results for the pilots who participated in both phases of the study,
with a maximum spread in pilot ratings of approximately one. The largest
difference between simulator and flight ratings occurred for the more
negative values of Nga’ where both pilots gave more conservative
ratings in the simulator than in the flight tests. The pilots' flight
experiences may have had some influence on the simulator results; however,
the flight ratings of pilot A were obtained some time previous to those
obtained in the simulator tests while the simulator tests of pilot B
were performed shortly before the flight tests. The good agreement shown
in figure 8 indicates that the absence of kinesthetic motion cues in the
simulator tests did not markedly affect pilot opinion possibly because
of the strong visual cues present.

Comparisons of Data With Various Lateral-Directional
Handling Qualities Parameters

In this section, the data of the present study are examined and
compared with several parameters that have been considered for prediction
of pilot opinion of lateral-directional characteristics, including the
effects of aileron coupling (Nga'). The present flight-test results
for approximately optimum Nga' are plotted in figure 9 in terms of the
conventional Dutch-roll handling qualities criterion, the ratio of bank
angle to side velocity |®l|/|vel, and Dutch-roll damping 3. Also shown
are boundaries from reference 7 delineatlng satisfactory, unsatisfactory,
and unacceptable boundaries. As expected, the two sets of data for near
optimum values of Nga' are in good agreement. However, it is clear
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from the data of figure 5 that even though the reference boundarles in
terms of |ol/|vel and £q4 may be satisfied, dsviations of Ng from
optimum can result in an unacceptable control situation.

lateral-control sensitivity.- Pilots' comuents indicate that roll
control sensitivity is an important factor aff:cting pilot opinion. In
figure 10, data of the present study are compa-ed with the roll controll-
ability criteria of reference 6 through the un:oordinated roll control
power parameter [Lgg' - Naa'(LB‘/NB')]Bamax which is approximately the
maximum steady-state rolling velocity divided »y the roll subsidence
time constant. The reference data presented are for the same value of
roll time constant as used in the present study (TR = 0.33 sec). The
coordinated roll control power parameter L5a6“nmx presented in

reference 6 was primarily for a single-degree-Hf-freedom system. The
shaded area represents the spread between pilo: ratings obtained in the
moving simulator and in flight. Data of the present study at the higher
Dutch-roll damping compare well with the refer:nce results for values of
[Log" - Ngg' (Lg'/Np') 18ayay less than about 7.5. In the range below
7.5, in the present flight tests only Ng wis varied while in the
simulator tests of reference 6 only Lga was varied. It therefore,
appears that in this range an equivalence betw:en Lg_' and Ng_ ' effects

is correctly represented by the parameter [I@ - NSa%(LB'/NB' 1%amax
so long as Qd is greater than about 0.10.

Roll rate overshoot parameter.- Reference 3 presents a lateral-
directional handling quality criterion in term:; of the step-aileron
response parameter (|pli/lpggl), which was def ned as "the ratio of the
amplitude of the oscillatory roll rate at firs: overshoot to the steady-
state roll rate.” In the sketch that follows, the parameters appearing
in this ratio are depicted as they apply to on: of the time histories
presented in figure 4. Figure 11 presents the results of reference 3

8
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converted to the pilot rating scale used in the present study. Results

of the present study for the Dutch-roll damping ratio of 0.10 are also
presented in figure 11 and show good agreement at the reference 3 mini-
mum satlsfactory boundary condition of |[pl;/Ipggl = 4.5 percent. Beyond
thls boundary the present study results show that for a given pilot
rating, the magnitude of this roll rate ratio can vary markedly, depending
on whether Nga' 1s adverse or favorable.

Ratlo of uncoordinated to uncoupled roll control effectiveness

parameter (w@/wd)z.- Tt has been suggested in reference 8 that an

important factor that might influence pilot opinion of lateral-directional
handling qualities 1is the ratio of the squares of the natural frequencies
appearing in the transfer function for bank-angle response to aileron
deflection (see agpendix A). TIn reference 8 it is also shown that the
parameter ( /wd can be approximated by the parameter
Ly, ' - Nga Igt/Ng ") /Laa which is simply the uncoordinated roll
control power considered in figure 10, divided by the coordinated (zero)
sideslip) roll control power Laatsamax' A similar parameter
(Mg, 'Lg')/(Lg 'Ng') which 1s approximately equal to (1 - wwz/wdz) was
presented in reference 2 and was suggested as an important parameter in
defining the degree of lateral-directional coupling. References 4 and 9
present the results of a flight study which also shows the importance of
the parameter ( /wd) on pilot opinion of lateral-directional handling
gualities. The curves and flight data points with ratings of figure 5
are replotted In figure 12 to show constant pilot opinion contours as a
function of (p/wd)Z and the Dutch-roll damping. In this figure, it 1s
noted that the satisfactory boundary is limited to a narrow region of
/wd slightly greater than 1. It 1s also shown in figure 12 that the
%imum values of (w /wd) that 1s, those values corresponding to minimum
satisfactory, acceptable and unacceptable levels of Dutch-roll damping,
vary from sllghtly greater than 1 to about zero. (The latter value is
based on an extrapolation of the avallable data, as indicated by the
dashed line in fig. 12.) The unsatisfactory and unacceptable pilot-
opinion boundaries show an appreciable effect of damping on (w /wd) for
values greater than optimim and show 1little effect for less than optimum
values of /wd .

Another control-coupling parameter, which 1s related to /wd s
is the ratio (wg2 - w@2)/(L@'2 + wp?). With certain simpllfying assump-
tions (see appendix A), this ratio represents the ratio of the Dutch-roll
to roll-subsidence contributions to the roll acceleratlon response for a
step alleron input in terms of the constant terms (undamped coefficients)
In the roll response equation. Figure 13 presents constant pllot-opinion
contours and pllot A flight data points with ratings as a function of this
coupling parameter and the Dutch-roll damping. Satlsfactory ratings were
obtainable for good damping ({5 = 0.2) only in a narrow band (approximstely
0 to -0.1) of this ratio, while values between +0.25 at marginally satis-
factory damping (§d = 0.10) were considered acceptable.



Results of a flight investigation in which a similar ratio (roll
rate response to a step alleron deflection) wes studied are presented in
reference 10.

Cloged-loop Dutch-roll damping .- The effects of (w¢/wd)2 on pilot
opinion were shown in the previous section. It was suspected that perhaps
the primary effect of (m@/md)2 1s on the cloged-loop response of the
pilot-alrframe combination (see appendix A). To assess the significance
of the closed-loop response characteristics, the falred curves for the
ratings of pilot A from figure 3 are replottec. in figure 14 in terms of
the closed-loop Dutch-roll damplng ratio. Detalls of the closed-loop
response consideratlions and simplifications used to obtaln the results
shown in this figure are given in appendix A. In this figure it can be
seen that for conditions of (w /wd)2 > 1 (fig. 14(v)) and the open-loop
damping §d < 0.1, the closed-loop damping ratio correlates the data of
the present study; pilot opinion appears to be related only to the
closed-loop damping level. For conditions of (w@/wd)z < 1 (fig. 14(a))
there appears to be no systematic correlation of the data through
closed-loop response considerations.

Ixample Control-Coupling Pioblems

In this section the control-coupling protlems of two high-performance
aircraft will be examined and correlated with the results of the present
study by means of several of the parameters ccnsidered in the preceding
section. The intent here is to establish which parameter best correlates
the pilot-opinion data for these alrcraft, thereby establishing a firmer
basis for generalizing the results of the pre:ent study. In one case,
results of a fixed-base simulator study (ref. 2) showed that one of the
re-entry configurations investigated became w.controllable during the
high-angle-of-attack portion of atmosphere-eniry with the roll damper
inoperative. With the roll damper operative, the vehicle had satisfactory
control characteristics. In the other case, &« flight investigation of
factors influencing pilot selection of landing approach speeds (ref. 1)
indicated that aileron-induced yaw may have been one of the factors
adversely affecting landing approach speeds. In the landing approach
study the lateral-directional handling characleristics were considered
to be made somewhat worse when external fuel tanks were added.

Re-entry case.- Time histories of roll-rete response to step aileron
deflections are presented in figure 15(&) for both the damper-off and the
damper-on conditions. The damper-on time history shown is for a 15°
aileron step and results in a small and oscillatory roll rate response
while the damper-off time history is for only a 1.50 aileron step which
produces a large and oscillatory roll-rate response. In the re-entry
study of reference 2 this vehicle was designaled Configuration B and was
rated on the lateral-directional characteristics over the entire re-entry

w U
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trajectory. It is belleved that the time histories presented in figure
15(a) are, considering lateral-directilonal handling, for the worst con-
dition encountered during the trajectory. Pllot ratings based on the
entire flight were 3 for the damper on and 10 for the damper off. Table
ITI presents stability derivatlves and other pertinent Information for
these two conditions. As discussed in reference 2, exlsting criteria
for predicting pilot opinion would not account for the rating of 10.

Landing approach case.- In figure 15(b) are presented time histories
of roll rate and sideslip response to approximately an 11° aileron
deflection for two test conditions recorded during flight. Both time
histories show a very oscillatory and small roll-rate response with a
steady-state value of about 0.15 radian per second for the tanks-off
configuration and near zero for the tanks on. One pllot rated the tanks-
on configuration 8 because of the zero roll rate response, but the tanks-
off configuration, which had some positive roll response, even though
small, he rated 5 over-all. On the basls of the data of figure 9 in
terms of the conventional Dutch-roll handling qualities parameters, the
predicted ratings for both configurations would be about 5. Estimated
stability derivatives and other pertinent data for this vehicle are
presented in table III.

Correlation with results of present study.- The actual pllot ratings
of lateral-directional handling characteristics of the two example air-
craft and ratings which are predlcted by means of several of the param-
eters discussed in this report are compared in figure 16. The parameter
values used to obtain the predicted values shown in this figure are
presented in table IIT.

The comparison indicates that for lateral-directicnal coupling
problems Involving negative Ny 'LB' products (e.g., in the landing
approach), the roll control cri%eria of reference 6, modified to include
coupling terms, provide good prediction of pilot opinion if the Dutch-
roll damping is satisfactory. For this case of reduced uncoordinated
roll control effectiveness relative to the uncoupled value, the parameter
(wcp/wd)2 provided fair correlation of the data. For coupling involving
positive Nga'L ' products (e.g., in the re-entry), the roll acceleration
response ratio ?fig. 13) and the closed-loop Dutch-roll damping appear
equally useful in predicting pilot opinion. '

CONCLUDING REMARKS

Results of a flight and fixed-base simulator study of the effects
on pilot opinion of a wide range of adverse and favorable aileron-
induced yawing moments at various Dutch-roll damping levels indicate:

(a) The optimum-aileron induced yaw differed only slightly from
zZero.
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(b) Increase of Dutch-roll damping increcsed the range of ailleron-
induced yaw considered satisfactory, acceptable, or controllable.

(¢) The results of the fixed-base simulator test were essentially
1dentical to the flight results and indicate that the absence of
kinesthetic motion cues did not markedly affect pilot opinion, presumably
because of the presence of strong visual cues.

Correlation of the results of the present study and other available
data show several parameters which may be useful for predilcting lateral-
directional handling characteristics.

Comparison of the results of brief tests with a three-axis side-arm
controller with results of tests with conventional center stick and
rudder pedal indicated that for coupling problems assoclated with a
large Increase iIn favorable alleron yaw, the side-arm controller accen-
tuated the control problem. This may be attributable to the cross-control
technique required which was more difficult tc apply with the side-arm
controller.

Ames Research Center
National Aeronautics and Space Administrestion
Moffett Field, Calif., Aug. 25, 1961
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APPENDIX A

DEVELOPMENT AND DISCUSSION OF PERTINENT RELATIONSHIPS

The conventional equations of motion used to describe the perturbed
lateral-directional aircraft motions about the stability system of axes
are presented in equations (1) to (3) and represent the aircraft maneu-
vering around the lg flight path with the alrcraft velocity held constant.

r = N3 + Npp + Npr + Np B + N By + DI, (1)
p = LgB + Lpp + Lyr + Ly Bg + Ly + Ty (2)
B

B=-r+gsing +¥gp + YSrSr (3)

With certain appropriate simplifying relationships, the above set
of equations may be transformed into the pertinent transfer function
relationships.

Lba'(SZ + 2lpups + wwz)

gl ~ (L)
a  s(s - Ip") (8% + 20038 + wg?)
SNe !
B~ Or
T 5 (5)

}d

. (SE + Ededs + (A)d_2)

CLOSED-LOOP RESPONSE CONSIDERATIONS

It has been suggested in reference 8 that the ratio (wm/wd)z
(eq. (4)) is an important factor in lateral-directional handling
qualities studies. Favorable yaw, coupled with positive dihedral
effect (LB' less than zero), results in ratios greater than 1 ard
adverse yaw results in (wp/wg)® ratios less than 1. For Ng,' = O

and Squwp = fqug, the control of bank angle reduces to the first-order
system considered in detail in reference 6 and is referred to as
uncoupling the motion. As shown in figure 4, values of (w@/wd)z which
differ appreciably from 1 have a significant effect on the roll rate

response., In this figure the time history shown for Nga' = -0.70 1is
for a (w@/wd)z of 1.10, Ng,' = -2.31 1is for a (u$/wd)2 of 1.66,
Ngg' = 1.92 for an (my/md)z of 0.23, Ng ' = O is the uncoupled case

for an (w¢/wd)2 of 1. Ratios greater than 1 result in an oscillatory,
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increased steady-state roll-rate response, while ratios less than 1
result in an oscillatory, decreased response relative to the uncoupled
or lightly-coupled configurations.

It can be shown that the primary effect of (wm/wd)z is on the
closed-loop response, that is, the response of the pilot-aircraft combi-
nation. This effect assumes increasing importance for relatively low
values of Dutch-roll damping since the closed-loop Dutch-roll damping
is generally decreased relative to the open-locp damping for ratios
greater than 1 and increased for ratios less ttan 1. To illustrate
these effects, closed-loop responses for the renge of dynamics covered
in the present study, as well as for the contrcl problems experienced
with two current high-performance vehicles, were computed. It was
assumed that the pilot can be represented by a pure gain Kp, both to
simplify the computations and because this is shown in reference 11 to
be approximately the preferred mode of pilot oreration. Based on unpub-
lished studies made at Ames Research Center in a number of airplanes, a
pilot gain of 0.2° of total aileron deflection per degree bank angle
error was used. (In these studies the pilots vere instructed to bank to
90° and stabilize in the shortest time; 1t was found the pilots used
initially asbout 15° to 20° aileron deflection., Although the assumption
of a pure gain for the pilot for the entire rarge of dynamics covered in
this study mey not be realistic, it seems two equally valid approaches
may be used in the problem of isolating closed-loop response parameters
related to pilot opinion. One approach is to establish relationships
between pilot opinion and pilot-response characteristics required to
maintain roughly constant closed-loop performarnce over a broad range of
vehicle dynamics, in a manner similar to that cescribed in references 8
and 11. The other approcach - that selected here - is to determine the
relationship between pilot copinion and closed- .oop response or performance
that would result if the pilot adepted a fixed but desired mode of
response, that is, a pure gain of reascnable m:.gnitude.

The results of the closed-loop response ccmputations are presented
in figures 14, 17, and 18. The results in figire 14, plotted in terms
of the variation of pilot opinion with the closed-loop Dutch-roll
damping for various open-loop damping ratios, vere previously discussed.
Representative time histories of closed-loop responses to step bank-angle
commands for several problem areas, covered in the present study, are
shown in figure 17. The response for the favorable-yaw case (wp/wg)® = 2.
is fairly unstable with a time to double amplitude of about 3 seconds.
The response for the adverse-yaw case [(w(p/wd)2 = 0.28] is stable, and
mildly oscillatory, but extremely sluggish, with only 15 percent of the
commanded roll angle attained in 1 second. On the other hand, the closed-
loop responses for the uncoupled or mildly courled configurations appear
quite satisfactory with good response and only mild overshoot tendencles.

(02N

The results for the control problem experienced with the re-entry
configuration (fig. 18(a)) are of interest because they reveal a serious
control problem with the pilot in the loop, which would not necessarily

W =\ e
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be inferred from the open-loop response (see fig. 15(z)). For the
configuration lightly damped in roll, the closed-loop response is highly
unstable with a time to double amplitude of about 1 second. With suffi-
cient roll damping, the closed-loop response is only mildly oscillatory
and somewhat sluggish. The compariscn shown (fig. 18(a)) indicates the
powerful effect of roll damping in reducing pilot-aircraft instabilities
associated with (w@/wd)2 ratios greater than 1.

The closed-loop responses for the control problem experienced during
the landing approach of a current high-speed fighter (ref. 1) are shown
in figure 18(b). For both the tanks-on and tanks-off configurations,
(wp/wa)® was considerably less than 1 with attendant open-loop roll-rate
reversal tendencies (see fig. 15(b)). The closed-loop responses for this
airplane are not so instructive and indicative of the control problem
involved as for the re-entry configuration. However, it is clear the
closed-loop response for the tanks-off configuration is considerably
better than that for the tanks-on case. The response in the former case
is quite similar to that obtained in the present study for high adverse
yaw (see fig. 1?). In the latter case, the allerons are practically
useless for controlling bank angle (which concurs with pilot's observa-
tions for this configuration),

Although these closed-locop responses provide additional insight
into the nature of the control coupling problem, it is apparent they are
not in themselves sufficient to relate and integrate the results of the
two exarmple control problems considered with those of the present study.
In the case of the landing-approach example considered, other factors
not amenable to the closed-loop type of analysls considered here apparently
had an overriding effect on pilot opinion.

OPEN-1OOP RESPONSE CONSIDERATIONS

Most of the current data bearing on lateral-directional handling
gualities criteria (e.g., refs. 3, 6, and 7) present boundaries of
acceptable and unacceptable regions in terms of various open-loop response
parameters. Since attempts to relate the results of the present study
with the re-entry vehicle example control problem by means of the several
suggested response parameters met with little success, an attempt was
made to derive a response parameter which provided better agreement
among the available data. In particular, in view of the marked deteri-
oration of pilot opinion with a decrease in roll damping for the re-entry
configuration, a response parameter which took this into account was
sought. One possible parameter found was based on the roll-rate response
to an aileron impulse {or roll-zcceleration response to an aileron step
input). The pertinent transfer-function relationship (eq. (4)) is
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2 ¢ 42
o(s) - R (6)

Ly, %2 (s - Lp") (s2 + 28qugs + wg®)

If 2§pm$ and 2ded are assumed tc be small and negligible, the time
response can be written

12 4 2 ' 2 _ a2 T 12 4 a2
igﬁg%_ ~ <¥E————J5£— Pt (22 & Vlp a e'gdwdtsin(wdt + €)
a a

LP'Z + wg2 Lp'2 + wg2 wg -
7

where ¢ = tan-l(-wd/—Lp'). The first term in equation (7) is the
desired roll-subsidence contribution to the c¢ver-all response, and the
second term is the undesired Dutch-roll contribution. Time histories

of these contributions in terms of acceleration response for two coupling
conditions of the present tests (fig. 4) are given in the sketches that
follow:

.2 - ~
wg \° w¢ e
— ] = 0.23 -] = 1.66
wy \ Wy
.8
Total
P .4 Dutch roltl
L8°80 Roll subsidence
0]
/'\“'Dufch rotl \\\\\\
-4 ! A — 1 I
0 | 2 0] 1 2
Time, sec Time, sec

Since both the Dutch-roll and the roll-subsicence characteristics are
recognized to be Important factors affecting the lateral-directional
handling, one measure of the degree of coupling of the two modes is the
initial (t = 0) step aileron Dutch roll to rcll subsidence acceleration
response ratio; that is,

Baftm = (0@ - @)/ (Lp'e + w2)

W =\ =
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This ratioc for the results of the present study were computed and
presented in figure 13. As indicated in flgure 16(c), good success in
relating pilot opinion through this open-loop acceleration-response
ratio was obtained for only the re-entry case for which (‘*’cp/wd)z was
greater than 1.
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TABLE II.- VALUES OF STABILITY DERIVATIVES AND FLIGHT

CHARACTERISTICS FOR THE TEST CONDITIONS

Flight measured Computed characteristics for | Estimated stability
characteristics estimated stability derivatives derivatives
|} lo]
S Al B “a Tvel g Ny
0.22| 1.90] 0.58 0.22 1.95 0.40 2.48 -0.94
.10 1.86| .58 .10 2.00 2 2.60 -.b2
01]1.781 .59 .01 1.81 L 1.83 -.02
-.06| 1.67| .59 -.06 1.61 .53 1.18 .24
-.13 | 1.57| .59 -.13 1.52 .56 .95 .51
Ip = -2.91/sec Y8, = -0.03/sec
Ly = 1.12/sec b = 37.1 ft
Ig = -1k.U/sec? Ix = T,430 slug-ft®
Le, = -11.2/sec® Ixs = ~-1,230 slug-ft2
Ly, = 0.79/sec? I, = 23,250 slug-ft®
Np = -0.22/sec S = 287.) sq ft
N, = -2.85/sec? W = 12,820 1b
Yy = 0.1k4/sec Bapax = £30°

w =\
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TABLE IIT.- STABILITY AND CONTROL INFORMATTON FOR THE

EXAMPLE COUPLING PROBLEM CASES

(a) Re-entry vehicle (ref. 2, configuration B):

Roll damper off | Roll damper on
Ip -0.062 -k .9ks
Ly -.076 1.702
Np .035 352
Np. -.030 -.146
ta .0k1 .002
1ol /1vel .19 .0k
wg 2.0k 2.30
(w@/wd)g 1.69 1.33
NSaYLB' 103 103
(wdz = (*)sz)/(Lprg + wq)g) "39 0
Cot, -.2L5 -.018
Lg = 15.735/sec? b = 22.36 ft
Ly, = -9.130/sec2 h = 112,000 ft
Ny = 6.028/sec? Ty = 12,250 slug-ft2
N, = 0.890/sec? Ixz = -24,260 slug-f£t2
Yp = -0.037/sec I, = 68,420 slug-ft?
a = 20° S = 200 f£t2
aamax = i'l5o V = 6,000 ft/sec

W = 13,390 1b

23
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TABLE IIT.- STABILITY AND CONTROL IVFORMATION FOR THE

EXAMPLE COUPLING PROBLEM CASES - Concluded

(b) Landing approach vehicle (ref. 1, yaw damper off, 125 knots, T.A.S3.):

Tanks on Tanks of?f
Lp' -1.0 -1.5
Loy ' -3.5 -5.0
€4 .13 .09
lol /1vel 1.35 1.28
wg 1.7+ 1.7h
(6p/0g)” ) 25
(Lsg' - Nﬁa'LB'/NB')Samax 2 .85
Ngg 'Lg! -10.5 -11.2
(wg® - w@g)/(Lp'Z + W) 3.0 .75
CCL <13 .13
b = 33.5 ft
h = 8,000 ft
8 = 557 ft®
V = 2h2 ft/sec

6amax = i390

Note: All derivatives and paraneters based
on derivatives in this table ‘vere esti-
mated from the complete time 1istories
of the motion, portions of which are
presented in figure 15(b) .

w U >
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Figure 4.- Time histories of response to a 15° alleron step for £q = 0.10.
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Figure 6.- Fixed-base simulator results (§d = 0.10, center stick control).
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O Side-arm controller data
Center-stick data (Fig. 6)
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Figure 7.- Comparison of side~arm controller data with simulator center
stick and rudder pedal results (;d = 0.10).
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Figure 8.- Comparison of flight and fixed-base simulator results

(£q = 0.10, center stick ccntrol).
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Figure 13.- Pilot opinion as a function of §d and the ratio of the Dutch
roll to roll subsidence acceleration-response parameter (center stick

control) .
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Figure 1lk.- Variation of pilot opinion rating with closed-loop Dutch-roll
damping for various levels of open loop Dutch-roll damping (center
stick control), pilot gain = 0.2°/deg.
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(a) Re~entry vehicle.

Figure 15.- Time histories of response to step alleron deflections for
the example vehlcles,
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Figure 15.- Concluded.
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Figure 16.- Correlation of predicted and actual ratings by means of
various parameters.
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Figure 18.- Closed-loop responses for re-entry and landing-approach
configurations (pilot gain = 0.2°/deg).
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